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PERFORMANCE AND NOISE GENERATION 
STUDIES OF SUPERSONIC AIR FJECTORS 
P. S. Barna 
Professor  of Engineering 
Old Dominion Univers i ty  
Experimental  invest igat ions were conducted on air e j e c t o r s  t o  determine 
t h e i r  aerodynamic performance and noise generation characterist ics.  Five dif-  
ferent  pr imary nozzles ,  a l l  having the same e x i t  area, were designed f o r  Mach 
numbers 1, 1.5, 2, 2.5  and 3. The secondary flow was  subsonic in  a l l  experi- 
ments. Each of these  nozz les  was t e s t e d ,  i n  t u r n ,  & t h  c o n s t a n t  s t a g n a t i o n  
pressure which was increased .by equal increments of 20, s t a r t i n g  with 20 
p.s.i.g. and concluding with 100 p.s.i.g. While t h e  p r e s s u r e  was kept  cons tan t  
during each test, observations were made f o r  a number of d i f fe ren t  secondary  
flow rates. 
The tests show that  the nozzles  produced a v a r i e t y  of sound and pumping 
e f f e c t s .  The  pumping c a p a c i t y ,  s p e c i f i c  power and noise  generat ion of  the 
Mach 1 nozzle was the  h ighes t .and  i ts  mass augmentation was the lowest  among 
the  nozz les  tes ted .  The Mach 3 nozzle  was found  supe r io r  i n  mass augmentation 
and i t  also produced the lowest noise;  however, i ts pumping capacity and speci-  
f i c  power was the lowest .  
The experiments were conducted a t  NASA Langley Research Center. 
INTRODUCTION 
Ejectors have been known to be capable  of  boost ing the mass f low rate of a 
p a r t i c u l a r  f l u i d  i n  motion and pumping b o t h  f l u i d s  a g a i n s t  a res i s tance .  For  
some period of time t h e i r  a p p l i c a t i o n  w a s  l i m i t e d   t o   o i l  and gas burners and 
similar d e v i c e s  i n  which the motion of  f luids  was r e l a t i v e l y  slow. More recent-  
l y ,  however, t h e i r  a p p l i c a t i o n  was extended t o  meet higher performance 
requirements and i t  became necessa ry  fo r  t he  p r imary  boos te r  f l u id ,  and poss ib ly  
for  the  induced  secondary  f low,  to  a t ta in  ve loc i t ies  equal  or  exceeding  the 
speed of sound. While these ejectors proved capable of moving l a r g e  masses, 
they were found to  be  excess ive ly  no i sy .  
Theory and t h e  f l u i d  dynamic per formance  charac te r i s t ic  of  var ious  e jec tor  
types has been widely studied by numerous i n v e s t i g a t o r s  (Ref .  1-10). However, 
t hese  s imple  theo r i e s  p rove  ch ie f ly  app l i cab le  to  "matching expansion", t h a t  i s  
t o  a condi t ion under  which the ejector  operates  with "correct"  back pressure.  
Most e j e c t o r s ,  however, are found t o  o p e r a t e  s a t i s f a c t o r i l y  e v e n  w i t h  i n c o r r e c t  
back  pressure. The preduct ion of such  "off-design"  operation entails more . 
complex ca l cu la t ion  and t h e i r   r e l i a b i l i t y  becomes l imited because of the  vari- 
e t y  of shockwaves t h a t  accompany nozzles  operat ing with incorrect  back pressure.  
The noise  genera t ion  of e jectors ,  which has  a lso been the subject  of some 
s t u d i e s  (Ref. 11, 12) appears  to  be closely l inked with f luid-dynamic perfor-  
mance. In e j e c t o r s  where  the  co-flowing  secondary a i r  envelops  the  cent ra l ly  
located primary j e t ,  an interact ion between the two f l u i d  streams occurs. 
Since any  var ia t ion  of the secondary f low ratechanges the effect iveness  of t h e  
acous t ic  impedance of the  air  layer surrounding the primary jet ,  a va r i ance  in  
noise  emit tance may be ant ic ipated.  It is reasonable  to  assume, therefore ,  
t ha t  t he  no i se  gene ra t ion  of the e jec tor  u l t imate ly  depends  on the  na ture  of 
je t  i n t e r a c t i o n ,  which may be  cont ro l led  by ejector geometry and operat ing 
pressures .  
The purpose of  the present  invest igat ion w a s  t o  make a comprehensive 
study by further exploring the aerodynamic performance and noise generation of 
ejectors operating mainly under off-design conditions.  While the mixing tube 
and d i f f u s e r  geometry remained e s s e n t i a l l y  unchanged during the tests; var ia -  
t i o n  of the  overa l l  e jec tor  geometry  was i n   f a c t   a t t a i n e d  by employing 
different  pr imary nozzles .  Accordingly,  f ive nozzles  of equal  exit area and 
with passage contours  designed to  attain Mach numbers 1, 1.5, 2 ,  2.5 and 3, 
respec t ive ly ,  were se l ec t ed  and were t e s t ed  in  turn.  With e x i t  area s o  f ixed ,  
changes i n  ejector geometry were produced by t h e  v a r i a t i o n  of t h e   r a t i o  of mix- 
ing  tube  to  nozz le  th roa t  area, (At/hh) .  During the tests, t h e  mass f low ra t e ,  
t h e  mass augmenta t ion ,  the  pressure  d is t r ibu t ion  a long  the  f l o w  and the  no i se  
generat ion was  studied under a range of primary pressures similar for  each  noz- 
z le .  Test ing of the nozzles  under  correct  back pressure was  considered of minor 
importance. 
Ultimately, it was in t ended  to  e s t ab l i sh  similarities between the ejectors 
and compare performance on the b a s i s  of a spec i f i ed  cons t an t  exit area. 
SYMBOLS 
- 
a 
A 
Ath 
A t  
Cd 
C 
k n  
d i n  
2 
average room coef f ic ien t ,  Sabine  
area of res is tance package open to  a i r  flow, f t 2  
pr imary nozzle  throat  area, in  
s e c t i o n a l  area of mixing tube, in2 
d i scha rge  coe f f i c i en t  of Venturi  tube 
speed of sound, f t /s 
m i n i m u m  cross  sec t ion  d iameter  of Venturi  tube,  f t  
diameter of Venturi  intake,  f t  
2 
d t  mixing  tube diameter, i n  
dB dec ibe l  
f frequency, Hz 
F th rus t   (drag)   force  of air pass ing   th rough  res i s tance ,   lb  
g grav i t a t iona l   acce l e ra t ion ,  f t /s  
G combined mass flowrate  denoted as pumping capac i ty  of e j e c t o r ,   l b / s  
G' primary mass f lowra te ,   l b / s  
2 
G' ' secondary mass f lowrate, l b / s  
IJ?W 
m 
M 
P 
APV 
APRev 
P a t  
R 
SPL 
Ta 
*1 
sound power l e v e l ,  re Watts 
mass augmentat ion rat io  def ined as G"/G' 
Mach number a t  exi t  from primary nozzle 
static pressure measured along mixing tube and diffuser, in. Hg 
p r e s s u r e  d i f f e r e n t i a l  b e t w e e n  i n l e t  and min, c ros s  sec t ion  of Venturi  
tube,   lb/f  t2 
pres su re  d i f f e ren t i a l  be tween  r eve rbe ra t ion  chamber and ambient a i r ,  p s i  
a tmospheric  pressure,  psi  
s tatic pressure  a t  primary nozzle exit,  p s i  
s tatic pressure  a t  secondary  nozz le  ex i t ,  ps i  
s tagnat ion  pressure  of secondary a i r  i n  plenum chamber, p s i  
s tagnat ion  pressure  of primary air, p s i  
mechanical power of  the combined flow, Watts/s 
volumetric flowrate,  ft3/s 
gas   constant  , f t - lbf  /lbm-OR 
sound pressure  leve l ,  re 0.0002 microbar 
atmospheric temperature, OR 
stagnat ion  temperature ,  of primary air, OR 
3 
V v e l o c i t y ,   f t / s  
V volume  of reverbera t ion  chamber, f t 3  
X d i s t ance  measured  along  midng  tube  from  primary  nozzle  xit,   in. 
P d e n s i t y   o f   f l u i d ,   l b / f t  3 
DESCRIPTION OF TEST FACILITY 
For the purpose of studying the combined e f f e c t s  of aerodynamic perfor- 
mance and noise generation, a scale model e j e c t o r  was constructed.  The 
appara tus ,  f ig .  1, was des igned  to  incorpora te  a l l  t h e  s a l i e n t  f e a t u r e s  of a 
typical e j e c t o r  and w a s  provided with some f l e x i b i l i t y   f e a t u r i n g   b o t h ,   i n t e r -  
changeable primary nozzles and mixing tubes. The e s sen t i a l  des ign  f ea tu res  of 
t h e  e j e c t o r  and d e t a i l s  of var ious components w i l l  be described i n  turn.  
Essential Design Features of the Ejector 
The e j ec to r  e s sen t i a l ly  cons i s t ed  o f  a primary nozzle, a secondary nozzle, 
a cylindrical  mixing tube and a d i f fuse r .  The primary nozzle was located 
"cent ra l ly"  ' ins ide  the secondary nozzle and both nozzles aligned coaxially 
with the mixing tube. The high pressure air expanded inside the pr imary nozzle  
and a f t e r  l e a v i n g  the nozz le  the  h igh  ve loc i ty  j e t  passed through the mixing 
tube where it combined with the slower moving secondary air. The exit area of 
the primary nozzle was  a l igned witK t he  inlet  sec t ion  of t h e  mixing tube; 
hence, a "constant-area mixing process", was insured throughout the tests . The 
mixed airstreams were discharged through a d i f fuse r  i n to  a " reve rbe ra t ion  cham- 
ber, from which the air entered a passage provided with acoust ic  baff les  and 
was f inal ly  exhausted into the atmosphere through a va r i ab le  - r e s i s t ance .  
The high pressure a i r  to the primary nozzxe was supplied from' the 'main 
d i s t r sbu t ion  sys t em ava i l ab le  in  the  l abora to ry .  The pressure  was ca re fu l ly  
monitored by a"contro1 system, 'consisting of a re l ie f  regula tor ' - ,va lve ;  a supply 
of high pressure nitrogen and a ''dome loader" flow valve b u i l t   i n t o   t h e  air- 
l i n e .  The r e l i e f  va lve  r egu la t ed  ' the  n i t rogen  pressure  ' ac t ing  on t h e  diaphragm 
i n  t h e  dome loader.  A sa fe ty  va lve  was i n s t a l l e d  i n  t h e  l ine as a precaution- 
ary measure against  excessive pressure.  
The secondary air f i r s t  passed through a hor izonta l  Ventur i  - tube  and sub- 
sequently entered a plenum chamber of cy l indr ica l  shape . .  The flow of air then 
turned upward and, having passed through the seLondary-nozzle; it f i n a l l y  com- 
bined with the primary flow i n  t h e  mixing tube. For noise measurements a 
microphone was  set up in s ide  the  r eve rbe ra t ion  chamber i n  ' a  su i t ab le  loca t ion .  
4 
Components .of the Apparatus 
The primary nozzles.- Five nozzles were employed i n  t u r n  d u r i n g  t h e  tests, 
and they were designed for Mach numbers 1, 1.5, 2,  2.5  and  3.0. The nozzles 
were made of s t a i n l e s s  steel and were e s s e n t i a l l y  i d e n t i c a l  i n  a p p e a r a n c e ,  f i g .  
2.  They were interchangeable,   having  identical   threaded  ends.  Each nozzle  w a s  
provided with a static pressure  tapping  loca ted  near the  nozz le  exi t  s e c t i o n  
which w a s  a l s o  i d e n t i c a l  f o r  a l l  nozzles ,  0 .5  inch in  diameter .  The d ivergent  
passage of the supersonic nozzles had a 5 degree taper angle.  
Secondary a i r  nozzle  and plenum chamber.- A i r  entered the secondary nozzle  
from t h e  plenum  chamber a t  substant ia l ly  a tmospheric  condi t ion.  This nozzle 
w a s  made of aluminum and t h e  a i r  passage was of conical  shape with a 30 degree 
included angle. The nozzle.was provided with a rounded entrance and w a s  mount- 
ed  on 'top of t h e  plenum  chamber.  Flow into '  the  secondary nozzle  was considered 
uniform because the plenum chamber was subs t an t i a i ly  l a rge r  t han  the  nozz le .  
In  order  to  ensure  proper  loca t ion  of the pr imary nozzle ,  both central ly  
and axial ly ,  the secondary nozzle  w a s  provided with three set screws equal ly  
spaced  apart  around  the  circumference. The screws  extended  into  the  secondary 
a i r  passage with their  pointed ends s l ight ly  touching the s ide of the primary 
nozzle,  as shown i n  f i g .  3. In  o rde r  t o  measure the  p re s su re  of the secondary 
airflow the secondary nozzle w a s  provided with a s ta t ic  pressure tapping locat-  
ed i n  t h e  e x i t  p l a n e  of the primary nozzle. 
The plenum chamber w a s  cy l indr ica l ,  15  inches  in  d iameter  10  inches  h igh ,  
and w a s  f ab r i ca t ed  from aluminum. It was provided with a s i d e  p o r t ,  t o  which 
the Venturi  meter w a s  connected, and wi th  a pressure tapping for measuring the 
s t agna t ion  p res su re  of secondary air .  The c i r c u l a r  plywood top, on  which t h e  
secondary nozzle w a s  mounted, w a s  made removable for  inspec t ion  purposes .  The 
he ight  of t he  plenum chamber above ground level w a s  ad jus t ab le .  
Mixing tube and diffuser . -  During the tests, two mixing tubes were employed 
a l t e r n a t e l y ,  one w i t h  c i r c u l a r  and the other  with square cross  sect ion.  The 
c i r cu la r  p l ex ig l a s s  t ube  of 1/8 inch  w a l l  thickness had 1.5 inches inside dia- 
meter and w a s  employed f o r  a l l  tests involving performance and pressure 
d i s t r i b u t i o n .  The square tube of 1.5 x 1.5 inch internal  dimension was s o l e l y  
used for  f low visual izat ion experiments .  Both tubes were about 15 inches long 
and were, i n  t u r n ,  mounted  on top of the secondary nozzle.  Pressure tappings 
were d i s t r ibu ted  a long  the  c i r cu la r  mix ing  tube  a t  spacing shown i n  f i g .  4 ( a ) .  
Of the  fou r  s ides  of the square tube two oppos i te  s ides  were made of 1 /4  inch  
good q u a l i t y  p l a t e  g l a s s  and the remaining two s i d e s  were 3 / 8 ' i n c h  aluminum. 
Details of the square mixing tube are shown i n  f i g .  4 ( b ) .  
After leaving the mixing tube the flow entered 'a d i f f u s e r  which w a s  made 
of shee t  metal and w a s  provided  wi th  s ta t ic  pressure  tappings .  The d i f f u s e r  
w a s  14 1/4 inches long with a taper  angle  3 1/2 degrees and ex i t  d i ame te r  of 
3 1/4 inches.  Between t h e  e x i t  from t h e . d i f f u s e r  and  cover p l a t e  of the rever-  
b e r a t i o n  chamber a shor t  l eng th  of bellows was i n s e r t e d  which allowed f o r  
he igh t  ad j us  tment .
5 
Venturi  meter.- For metering the secondary airflow a Venturi tube of stan- 
dard design was employed. The tube was provided with a w e l l  rounded' entrance 
and, a t  the  minimum c r o s s  s e c t i o n ,  t h r e e  s ta t ic  pressure tappings were d i s t r i -  
buted around the circumference a t  equal  d i s tances .  Details of t he  Ven tu r i  are 
shown i n  f i g .  5. 
Reverberant Chamber.- The box shaped reverberant chamber was made of 3 / 4  
inch  plywood and was provided on four  s ides  wi th  double  walls t o  improve i ts  
reve rbe ra t ion   cha rac t e r i s t i c s .   I n t e rna l   d imens ions  of t h e  chamber were: 16 
inches wide, 27 inches long and 24 inches high. The box was ex te rna l ly  r e in -  
fo rced  by  ang le  i ron  ba r s  t o  gua rd  aga ins t  poss ib l e  sp l i t t i ng  of t h e  wood under 
excessive pressure.  The bottom of the box was  provided with a removable 1/2 
inch  th ick  aluminum coverplate which w a s  requi red  for  inspec t ion  purposes .  The 
coverp la te  w a s  provided with a c i r c u l a r  h o l e  t o  which t h e  b e l l o w s ,  f i t t e d  t o  
the  ex i t  from t h e  d i f f u s e r  s e c t i o n  of  the  e jec tor ,  was fastened. The micro- 
phone w a s  p l aced  in to  a tube, which was inser ted through a h o l e  i n  t h e  
c o v e r p l a t e  a l o n g s i d e  t h e  d i f f u s e r  e x i t ,  i ts pickup posit ion being about 6 inches 
above t h e  p l a t e .  
The baff led duct  passage was b o l t e d  t o  t h e  s i d e  of the  reverbera t ion  cham- 
be r  and the  a i r  en tered  in to  the  passage  through a 6 i n c h  c i r c u l a r  p o r t  c u t  
i n t o  t h e  s i d e  of t h e  chamber. Over t h i s  p o r t  a 1 / 2  inch  metal c i r c u l a r  r e f l e c -  
t o r  s h i e l d  was mounted on the  exhaus t  s ide ,  a l lowing  a i r  t o  pass and a t  t h e  
same time p a r t i a l l y  r e f l e c t i n g  t h e  sound g e n e r a t e d  i n  t h e  chamber. The acous t i c  
b a f f l e s  f i t t e d  i n t o  t h e  p a s s a g e  were designed to  reduce  noise  genera ted  by the  
r e s i s t a n c e  t o  travel upstream. 
A s a f e t y  d e v i c e  w a s  provided near  the exi t  of  the passage to  guard against  
pressure bui ld-ups in  excess  of  5 p . s . i .  i n s i d e  t h e  r e v e r b e r a t i o n  chamber. It 
cons is ted  of a 35 pound dead weight pressing on a rubber  seal placed over a 3 
inch opening. 
The r eve rbe ra t ion  box and ducted passage were supported by a sol id  t imber  
frame . 
Variab le  res i s tance . -  Res is tance  to  the  f low was a t t a i n e d  by gradually 
bu i ld ing  up the  th i ckness  of l a y e r s  of porous  fe l t .  Shee ts  of f e l t  material 
were c u t  i n t o  8 inch diameter  discs  and l a y e r s ,  of  varying thickness ,  were 
sandwiched  between two wire mesh d i s c s  r e i n f o r c e d  a t  t h e i r  perimeter. This 
f e l t  "package" was subsequently placed inside a screw p r e s s  where i t  was f i rmly  
held together by applying moderate pressure on t h e s e  d i s c s  a t  t h e i r  l i n e  of 
contac t .  The p res s  cons i s t ed  of two cy l inde r s ,  f i g .  6 ,  one s l i d i n g  i n s i d e  t h e  
o the r  and th i s  cy l inde r  cou ld  be  moved by a screw arrangement. During the 
tests the  s l i d ing  cy l inde r  p re s sed  aga ins t  t he  f e l t  package  and was withdrawn 
a f t e r  e a c h  test run when changing thickness of t h e  l a y e r s  was requi red .  
By bu i ld ing  up t h e  f e l t  l a y e r  t h i c k n e s s  from about 1/16 o f  an  inch  to  
about 2 inches  the  r e s i s t ance  was varied from low to  h igh .  The h ighes t  re- 
s i s t a n c e  w a s  a t t a i n e d  when t h e  p r e s s u r e  i n  t h e  r e v e r b e r a t i o n  chamber w a s  r a i s e d  
t o  5 p.s.i. above atmospheric. To attain t h e  h i g h e s t  r e s i s t a n c e  i t  was a l s o  
necessary  to  restrict t h e  c r o s s  s e c t i o n a l  area open t o  flow. To ach ieve  th i s ,  
6 
an a d d i t i o n a l  resistance w a s  added t o   t h e   f e l t  package, which consisted of a 
wooden disc  provided with a c e n t r a l l y  l o c a t e d  4 1 /2  inch  d i ame te r  c i r cu la r  
opening. 
Flow visua l iza t ion . -  To obtain photographic  records of  f low pat terns ,  f low 
v isua l iza t ion  exper iments  were conducted employing both Schlieren and shadow- 
graph techniques.  For  the former,  both long and short  (spark)  exposure l ight  
sources  were employed and ,  fo r  t he  shadowgraph technique,  spark i l luminat ion of  
one mill i-second duration was used. The experimental  set up f o r  t h e  S c h l i e r e n  
tests i n  shown i n  f i g .  7 .  
Instrumentat ion 
Pressure.-  For the measurement of primary stagnation pressure a Bourdon 
t y p e  d i a l  guage w a s  used which w a s  c a l i b r a t e d  p r i o r  t o  i n s t a l l a t i o n .  F o r  t h e  
measurement of pressures along the mixing tube and diffuser a vertical  mercury- 
in-glass  mult i tube manometer was employed.  For t h e  measurements  of  pressure i n  
the reverberation chamber,  water was used as i n d i c a t i n g  f l u i d  up t o  1 p . s . i .  
pressure;  above 1 p.s.i. ,  mercury was used.  For  the  measurement of flow rate 
of the secondary a i r  an incl ined tube manometer, wi th  a lcohol  as i n d i c a t i n g  
f l u i d  was employed.  For  low  flow rates the  angle  of i n c l i n e  of the tube could 
be lowered to  10  degrees ,  as measured from the  ho r i zon ta l ,  which considerably 
increased  ins t rument  sens i t iv i ty .  
Noise.- A commercially available microphone system was employed f o r  t h e  
measurements. It cons is ted  of a 1 / 4  inch  condenser  microphone (set up i n s i d e  
the reverberation chamber),  a one th i rd  oc t ave  band frequency analyser and 
graphic level recorder .  The system  had a useable frequency response range 
from 5 Hz t o  100 kHz with accuracy of + 1 dB between 40 Hz and  100 kHz. This  
system w a s  ca l ib ra t ed  wi th  a s i n e  waveat  a p res su re  l eve l  of 125 dB. 
TEST  PROCEDURE 
Pumping tests.- Each of t h e  f i v e  n o z z l e s  w a s  t e s t e d  i n  t u r n  and a l l  noz- 
z l e s  were operated under choked flow condition. A test set f o r  a nozzle  
cons is ted  of keeping the primary pressure constant over a per iod of t i m e  during 
which observations on t h e  pumping performance of the ejector were made. 
R e s i s t a n c e   t o   a i r f l o w  was kept   cons tan t   dur ing  a test  while   observat ions 
were made; i t  w a s  subsequent ly  var ied  s tepwise  for  the  next  test  run, each 
s t e p  l e a d i n g  t o  a n  increase in  res i s tance .  This  procedure  w a s  r e p e a t e d  u n t i l  
t h e  h i g h e s t  r e s i s t a n c e  f o r  t h e  test  w a s  a t t a ined .  A test set  normally consist-  
ed of about seven tests runs.  
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Se t s  of tests were obta ined  for  pr imary  pressures  20, 40, 60, 80, and  100 
p.s . i .  gauge pressure (except  for  the M = 1 and 1.5 nozzles  for  which the a i r  
supply system proved inadequate a t  100 p.s. i .g.) .  The p res su res  r eg i s t e red  on 
the   mu l t i t ube  manometer were instantaneously recorded by photographic means 
whi le  pressures  on i n d i v i d u a l  manometers were d i rec t ly  noted .  
During the tests a small d r i f t  of the primary gauge pressure was gene ra l ly  
observed and t h i s  w a s  immedia te ly  cor rec ted  wi th  the  f ine  cont ro l  of  the  re l ie f  
r egu la to r .  The prevai l ing ambient  a i r  condi t ions  were under  constant  survei l -  
lance throughout the tests and d a t a  were recorded dai ly .  
Noise tests.- Noise tests were performed a f t e r  t h e  pumping tests were con- 
cluded. The experiments were planned to reproduce the same pumping e f f e c t s  of 
t he  e j ec to r  as previously experienced, however t h i s  time the  main ob jec t ive  was 
measurement  of no ise  genera t ion .  Overa l l  no ise  pressure  leve ls  were recorded 
f o r  a l l  test sets and frequency analysis was  performed for  f low condi t ions of 
s p e c i a l  i n t e r e s t .  D u r i n g  t h e  tests t h e  microphone c a l i b r a t i o n  was checked 
pe r iod ica l ly .  
Flow visual izat ion.-  Photographic  records were obta ined  for  a l l  nozzles 
when pumping aga ins t  e i the r  t he  lowes t  (L) o r  t he  h ighes t  (H) r e s i s t a n c e  and 
during these tests the square mixing tube w a s  employed.  For taking the shadow- 
graph pictures  the spark was set  up about 5 f t .  from the test s e c t i o n  and the  
l i g h t  r a y s  remained  uncollimated. The space surrounding the test s e c t i o n  was 
blacked out  for  the tests. 
PRESENTATION  OF RESULTS 
Details of c a l c u l a t i o n  o f  r e s u l t s  is g i v e n  i n  t h e  Appendix. 
Results concerning ejector performance and noise  genera t ion  are presented 
i n  t h r e e  sets of five graphs,  where pumping capac i ty ,  G ,  mass augmentation, m,  
and  sound power l e v e l s  of t h e  e j e c t o r ,  LPW, r e s p e c t i v e l y ,  are p l o t t e d  a g a i n s t  
specif ic  mechanical  power  of t h e  e j e c t o r ,  PM/G. 
The term pumping c a p a c i t y  r e f e r s  t o  t h e  sum of the primary and secondary 
flow rate through the ejector  
G = G' + G". 
Since the nozzles were operated under choked flow conditions the flow rate 
through the nozzles,  G ' ,  remained constant for a specif ied pr imary pressure.  
The induced secondary flow rate, G", however, depends a g r e a t  d e a l  on t h e  a i r  
r e s i s t a n c e ,  and therefore  var ies  cons iderably .  
The term "mass r a t i o "  s t a n d s  f o r  mass augmentation and is expressed as the  
r a t i o  of secondary to primary flow rate 
G' ' 
m =  E I .  
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The term "specific mechanical power" of t h e  e j e c t o r  r e f e r s  t o  t h e  mechani- 
cal p m e r  p e r  u n i t  mass flow, which represents an overall  pumping e f f o r t .  T h i s  
depends primarily on t h e . p r e s s u r e  i n s i d e  t h e  r e v e r b e r a t i o n  chamber. 
The term ' 'constant resistance" (denoted R 1  t o  R7) r e f e r s  t o  a p a r t i c u l a r  
s e t  of f e l t  l a y e r s  which were employed during a test  run.  (See a l s o  f i g .  22.) 
Wherever poss ib l e ,  cons t an t  r e s i s t ance  lines are shown on the graphs as dashed 
l ines ,  whi le  the  cons tan t  pr imary  pressure  l ines  (PI) appear as s o l i d  l i n e s .  
Results on pumping performance.- The f i r s t  set of graphs (fig.  8) i n d i c a t e  
t h a t ,  f o r  a l l  nozz le s  t e s t ed ,  t he  ove ra l l  pumping performance is remarkably sim- 
i la r .  For a spec i f i ed  r e s i s t ance ,  bo th  pumping capac i ty ,  (G),  and s p e c i f i c  
power, Pm/G, increases  with r is ing pr imary pressure.  Conversely,  for  a speci-  
f ied constant  pr imary pressure ( f rom 20 t o  l o o ) ,  pumping capaci ty  decreases  
wi th  inc reas ing  resistance. A l l  constant  pressure curves  show a tendency.of G 
to  remain  cons tan t  whi le  res i s tance  is r e l a t i v e l y  ,low (R1 t o  R3),  but show a 
gradual  decrease  in  pumping capac i ty  when h ighe r  r e s i s t ances  are encountered 
(Rq t o  R7). The e f f e c t  of r e s i s t a n c e  on pumping is  more  marked while primary 
pressures  are low (20, 40 p . s . i . )  and becomes less no t i ceab le  when primary pres- 
su res  are high.  In  the case of M = 1 and 1.5 nozzles ,  pract ical ly  no change in  
G is experienced when PI = 80 and 100 p . s . i .  On the  o ther  hand ,  for  the  h igher  
Mach .nozz le s ,  s ens i t i v i ty  to  r e s i s t ance  gene ra l ly  inc reases .  
The general  impression that  may be gained from inspection of t h e   f i r s t  set  
of graphs is, t h a t  under similar operat ional  condi t ions,  the lower Mach nozzles 
pump more air and a t t a i n  h i g h e r  s p e c i f i c  work values  than the higher  Mach 
nozzles.  
Results on mass augmentation.- The second set of graphs ,  ( f ig .  9)  i n d i c a t e s  
t h a t  mass augmentation of the various primary nozzles i s  less cons is ten t  than  
could be expected from the overall  pumping performance. However i t  may b e  
shown tha t  t he  r e su l t s  ob ta ined  are genera l ly  cons is ten t  wi th  e jec tor  theory .  
It appears  f rom the  f igures  tha t ,  whi le  spec i f ic  work increases  wi th  in-  
c reas ing  pr imary  pressure  for  low r e s i s t a n c e s ,  t h e  mass augmentation 
subs tan t ia l ly  decreases .  In  fo l lowing  a cons tan t  pressure  l ine  the  decrease  of 
m is more marked f o r  lower primary pressures and may become v e r y  s e n s i t i v e  t o  
changes i n  r e s i s t a n c e  when high Mach nozzles are employed. Constant low pres- 
sure  curves  f requent ly  in te rsec t  pressure  curves  of the  higher  pressure family 
s i g n i f y i n g  t h a t ,  a t  the  po in t  of i n t e r s e c t i o n ,  t h e  same mass augmentation and 
s p e c i f i c  power may be  a t t a ined  wi th  d i f f e ren t  p r imary  p res su res .  These e f f e c t s  
are p a r t i c u l a r l y   n o t i c e a b l e   w i t h   t h e   h i g h e r  Mach nozzles.  
When comparing t h e  mass augmentation of the various nozzles tested the most 
impor tan t  resu l t  tha t  appears  is the improving mass augmentation for higher Mach 
nozzles. For example, the M = 3 nozzle almost doubles the mass augmentation 
f o r  P 1  = 20 p . s . i .  when PA/G = 350 (say) ,  as compared wi th  the  M = 1 nozzle.  
The comparison becomes even more f avorab le  fo r  t he  M = 3 nozzle a t  P1 = 40 when 
i t  pumps three times more a i r  than the M = 1 a t  Pm/G = 500 (say). 
On the  other  hand,  as compared wi th  the  lower, the  h igher  Mach nozzles 
f a l l  s h o r t  of pumping e f f o r t s  a g a i n s t  h i g h e r  r e s i s t a n c e s .  The r e a s o n  f o r  t h i s  
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is consis tent  with supersonic  nozzle  theory and,  under  the circumstances,-  the 
low Mach number nozzles  (1 and 1.5) tend to underexpand a t  higher  pressures  and 
thus  car ry ,  in to  the  a i r  s t ream "unspent"  energy  whi le  the  h igh  Mach nozzles  
tend to  overexpand and self  adjust  the s t ream pressure to  the surroundings at  
the  nozz le  ex i t .  The "unspent"  energy was subsequent ly  diss ipated by  shock- 
waves s e t  up in  the mixing tube as  shown by the f low visual izat ion experiments .  
Resul ts  on noise generation.-  The th i rd  se t  o f  g raphs  ( f ig .  10 )  shows re -  
sul ts  of  considerable  complexi ty .  For  a specified nozzle both primary pressure 
and res i s tance  a f fec t  no ise .  Never the less  in  the  var ious  nozz les  employed dur- 
i ng  the  t e s t s  t he  va r i a t ion  in  no i se  gene ra t ion  is significant.   For  example 
the difference between noise  levels  generated by the lowest and highest  primary 
pressure  i s  markedly greater  for  the M = 1, 1.5 and 2 nozzles  and may amount t o  
approximately 14-16 dB; fo r  t he  M = 2.5 nozzle  th i s  d i f fe rence  reduces  to  about  
10 dB and drops to about 2.5 dB fo r  t he  M = 3 nozzle. 
Changes in  noise  genera t ion  wi th  increas ing  res i s tance  is  of  par t icu lar  
i n t e r e s t  a s  it may be observed that, depending on nozzle Mach number and p r i -  
mary pressure,  noise  may ei ther  increase,  decrease or  remain constant .  
For convenience,  results on noise generation, as a funct ion of  res is tance,  
a r e  summarized in  Table  I. 
Pressure distribution along mixing tube and diffuser.-  Results of pressure 
d is t r ibu t ion  a long  the  mixing  tube  and d i f f u s e r  a r e  shown i n  f i g s .  11 t o  15 
where absolute pressure (inches mercury) is p lo t ted  aga ins t  d i s tance  a long  the  
mixing tube and diffuser .  Locat ion of  s ta t ic  pressure tappings are  shown along 
the mixing tube marked on  the  absc issa  wi th  enc i rc led  s ta t ion  numbers 1 t o  7 
and a long  the  d i f fuser  wi th  enc i rc led  s ta t ion le t te rs  A t o  F. The pos i t ion  of  
the secondary nozzle exit  is loca ted  approximate ly  a t  the  zero  mark of  the 
abscissa .  
It appears from the graphs that a l l  curves  exhib i t  some  common character-  
i s t i c s  such as  the "humps" and  "hollows" in  the mixing tube and tha t  they  show 
steady pressure recovery in  the diffuser .  General ly  two  "humps" and three  "hol- 
lows" may be observed in  the mixing tube when t h e  e j e c t o r  pumps aga ins t  low 
res i s tance .  However, when pumping against   h igh  res is tances ,   pressure  recovery 
commences e a r l i e r  i n  t h e  m i x i n g  t u b e  a n d ,  i n  t h i s  c a s e  o n l y ,  one "hump" and two 
"hollows" may be observed. 
Results on flow v i sua l i za t ion . -  Shadowgraph p ic tures  a re  presented  in  
f igures  16 - 20 where sets of f i v e  p i c t u r e s  a r e  shown, s i d e  by s ide ,  fo r  each  
nozzle  operat ing against  the lowest  (L) o r  h ighes t  (H) res i s tance  respec t ive ly .  
I n  a d d i t i o n  t o  t h e  p a t t e r n  i s s u i n g  from the var ious nozzles  employed during the 
t e s t s ,  t h e s e  p i c t u r e s  a l s o  show t h e  e f f e c t  of the co-flowing secondary a i r  on 
the  wave pa t t e rn  which may be considered to  be of  speci .a l  interest  in  e jector  
s tud ies .  
A l l  p i c tu re s  show the  fami l ia r  per iodic  or  cha in- l ike  wave s t r u c t u r e  which 
is wel l  known from studies  on gaseous je ts  exhaust ing into s t i l l  a i r .  A com- 
p l e t e  r epor t  on  the  same nozzles which were employed i n  t h e  p r e s e n t  t e s t s  was 
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published in  Ref .  13,  which discusses  the var ious f low pat terns  and furnishes  
de t a i l ed  exp lana t ion  of  f low character is t ics  obtained when d ischarg ing  in to  s t i l l  
- air . While t h e s e   r e s u l t s  are r e l evan t  and use fu l ,  some d i f f e rences   i n   t he   pa t -  
terns,  caused by t h e  moving "boundary" (co-flowing) a i r ,  may be  an t ic ipa ted .  
Indeed some d i f f e rences  may be observed for similar p a t t e r n s  f o r  d i f f e r e n t  re- 
s is tances .  Furthermore,  the turbulent  "mixing" p a t t e r n  of the secondary with the 
primary flow along the mixing tube required consideration and photographic obser- 
va t ions  were made over a d i s t a n c e  of f ive tube diameters .  (on account of space 
r e s t r i c t i o n  t h i s  w a s  reduced  to  four  tube  d iameters  in  th i s  repor t . )  
The r e s u l t s  of these f low visual izat ion experiments  are presented in  Table  
I1 where the top and second row of f i g u r e s  r e f e r  t o  p r e s s u r e s  measured a t  e x i t  
of the primary (PNE") r e spec t ive ly ;  t he  th i rd  row shows the  opera t ing  pressure  
r a t i o  ( p ~ ~ ' / p 1 ) ,  w h i l e  t h e '  f o u r t h  row ind ica t e s  t he  pa r t i cu la r  cha rac t e r  of t h e  
expansion process observed, the letter "U" . re fe r r ing  to  under  and ''0" t o  over- 
expansion. The cor rec t  o r  near  cor rec t  expans ion  is  shown by t h e  let ter C. 
The var ious  f low pa t te rns  shown by the  shadowgraph p i c t u r e s  are f u r t h e r  c l a s s i -  
f i e d  and are d iv ided  in to  s ix  ca t egor i e s  each  r ep resen t ing  a t y p i c a l  p a t t e r n  
which then can be recognized with the aid of fig.  21 where for the sake of clear 
recogni t ion  of the  f low pa t te rn  shown on the corresponding shadowgraph i s  repre- 
sented by a simple l ine diagram. The p a t t e r n s  are provided with Roman re fe rence  
numbers I t o  V I  and t h e s e  a p p e a r  i n  t h e  f i f t h  row of Table 11. The f i r s t  column 
shows the nozzle  design Mach numbers, under which t h e  c o r r e c t  p r e s s u r e  r a t i o  is 
inse r t ed  between b racke t s ,  and successive columns are headed by the operat ing 
Resis tance effects . -  The e f f e c t  of r e s i s t a n c e  on flow rate fo r  t he  va r ious  
l a y e r s  employed i n  t h e  test is shown i n  f i g .  22,  where pressure in  the reverbera-  
t i o n  chamber i s  p l o t t e d  a g a i n s t  mass flow. Reference to thickness,  noted as R l ,  
R2 . . . e t c . ,  i s  shown on the  top  l e f t  co rne r  of the  €igure.  The s lope  of t h e  
curves  ind ica tes  the  f low charac te r  1:l being laminar and 1:2 be ing  turbulen t .  
DISCUSSION 
It i s  of i n t e r e s t  t o  f i r s t  b r i e f l y  summarize t h e  r e s u l t s  and  compare the 
aerodynamic performance of the various nozzles tested to establish a performance 
r a t i n g .  
It w a s  observed that  for  a spec i f ic  pr imary  pressure ,  bo th  the  overa l l  
pumping capac i ty  and t h e  s p e c i f i c  power of t he  e j ec to r  dec reased  fo r  i nc reas ing  
nozzle  Mach numbers. The r e a s o n  f o r  t h i s  is due t o  primary nozzle design which 
f e a t u r e s  c o n s t a n t  e x i t  area and decreas ing  throa t  area wi th  increas ing  Mach 
numbers. 
Since mass flow rate f o r  a s p e c i f i e d  p r e s s u r e  and temperature i s  known t o  
by p ropor t iona l  t o  the  th roa t  area, the  drop  in  overa l l  per formance  for  increas-  
i ng  Mach numbers w a s  pr imari ly  caused by t h e  f a l l i n g  mass flow rate of t he  
primary "activating1' a i r .  I n  a d d i t i o n  some minor  energy  changes  occurred 
through formation of shock waves due to  inco r rec t  back  p res su re  which a l s o  con- 
t r ibu tes  to  per formance  def ic iency .  
One ga ins  a more favorable impression when s tudy ing  the  r e su l t s  on mass 
augmentation. It appears that  the lower number nozz le s  su f fe r  from severe 
l i m i t a t i o n s  i n  mass augmentation i n  a d d i t i o n  t o  b e i n g  r a t h e r  i n s e n s i t i v e  t o  
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changes i n  r e s i s t a n c e .  The h igher  number nozzles ,  on the other  hand,  appear  to  
be  supe r io r  and  y i e ld  f igu res  more than double i n  mass augmentation i n  a d d i t i o n  
t o   b e i n g   a l s o   r e a s o n a b l y  sensitive t o  changes i n ,  resistance. 
The p resen ta t ion  of e jector  performance,  as shown in these diagrams where 
pumping capac i ty  and mass augmentation are p l o t t e d  a g a i n s t  s p e c i f i c  power, may 
be  regarded  inadequate  for  a complete appraisal. Supplementary methods may 
p rove  he lp fu l  fo r  fu r the r  i l l umina t ing  va r ious  e f f ec t s ,  comparing performance 
and p red ic t ing  e f f ec t iveness .  
For example,  specific power may be based on primary mass flow rate ((2') 
r a the r  t han  on t o t a l  f l o w  rate (G). Replacing Pm/G by Pm/G' r e s u l t s  i n  (1 + m) 
times h i g h e r  s p e c i f i c  power, (see Appendix), and since m is g r e a t e r  f o r  t h e  
higher  Mach number nozz les ,  the i r  per formance  f igures  on t h i s  b a s i s  may surpass  
those of the lower Mach number nozzles.  
Ef fec t iveness  of nozzle performance may a l s o  t u r n  i n  f a v o r  f o r  t h e  h i g h e r  
number nozzles by adopting a d i f fe ren t  nozz le  des ign .  The r e s u l t s  o b t a i n e d  f o r  
overall  performance would have been al together  different ,  had t h e  t h r o a t  area 
been  kept  cons tan t  for  a l l  nozz les  tes ted .  Some minor  changes i n  geometry may 
also be considered. For example, one may a d j u s t  t h e  t h r o a t  area f o r  t h e  h i g h e r  
number n o z z l e s  t o  y i e l d  t h e  same pumping capac i ty  as the  M = 1 nozzle.  This 
and other  possible  "normalizing methods" have not  been  fu l ly  explored  a t  the  
time o f  wr i t i ng  th i s  p re l imina ry  r epor t .  
The r e s u l t s  on noise  genera t ion  may b e  c l a s s i f i e d  i n t o  v a r i o u s  c a t e g o r i e s ,  
major  e f fec ts  be ing  due  to  pumping and minor e f f e c t s  d u e  t o  e j e c t o r  geometry 
and possibly flow mixing. 
Noise  due t o  pumping e f f e c t s  may b e  r e l a t e d  t o  mass augmentation. When 
comparing corresponding graphs, one observes  tha t  a long  cons tan t  pressure  l ines  
no  subs t an t i a l  change  in  no i se  occur s ,  wh i l e  mass augmentation remains unchanged. 
This appears normally the case i n  a l l  nozz le s  fo r  low res is tance .  For  M = 1, 
1.5 and 2 nozz les  the  low r e s i s t a n c e  l i m i t  is reached a t  R4 f o r  p r e s s u r e s  20 and 
40,  while  for  M = 2.5 and 3 the  l i m i t  i s  reached a t  a somewhat lower r e s i s t a n c e ,  
R3 
With inc reas ing  r e s i s t ance ,  no i se  inc reases  subs t an t i a l ly  when mass aug- 
m e n t a t i o n  f a l l s  o f f .  For t h e  M = 1 nozzle  a s h a r p  i n c r e a s e  i n  n o i s e  of about 
10 dB a t  P1 = 40 appears  exact ly  over  the same range of Pm/G = 6000-8400 where 
m f a l l s  from  1.6 t o  1.1. Again f o r  t h e  same p res su re ,  no i se  fo r  t he  M = 1.5 
nozzle  increases  by 5 1 / 2  dB over Pm/G = 5500-7300, where m f a l l s  from 1.75 t o  
1 .45;  for  the  M = 2 nozzle,  noise increases by about 10 dB over Pm/G = 1150- 
5800 where m f a l l s  from 2.84 t o  1.35. 
S imi l a r  sha rp  inc reases  in  no i se  gene ra t ion  appea r  i n  the  M = 2.5 and 3 
nozz le s ,  bu t  t he  r e su l t s  seem t o  v a r y  a g r e a t  d e a l .  I n  comparing these nozzles, 
i t  appears that  noise markedly increases with pressure a t  low r e s i s t a n c e s  f o r  
the  M = 2.5 nozzle ,  while  the M = 3 nozzle  shows ha rd ly  any difference. For . 
t h e  M = 2.5 nozz le  no i se  beg ins  to  inc rease  a t  Pm/G = 500 when P1 = 20 and a t  
Pm/G = 850 when P1 = 40. Again f o r  P1 = 60 no change i n  n o i s e  a p p e a r s  until 
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Pm/G = 2000 and sharp increases are experienced a t  t h e  end of a l l  constant  pres-  
s u r e  lines when the h ighes t  resistance is a t t a ined .  S imi l a r  r e su l t s  are 
exper ienced  for  the  M = 3 nozzle.  
When comparing the  noise  genera t ion  curves  wi th  mass augmentation, one 
i n v a r i a b l y  f i n d s  t h a t  n o i s e  commences t o  rise a t  approximately the same Pm/G 
value where mass augmen ta t ion  beg ins  to  f a l l .  One  may therefore  conclude  tha t  
the secondary a i r  flow rate h a s  s i g n i f i c a n t  c o n t r i b u t i o n  t o  n o i s e  s u p p r e s s i o n  
o f  e j ec to r s .  Among the  nozz le s  t e s t ed ,  t he  M = 3 nozzle  generated the lowest  
no i se  and produced the h ighes t  mass augmentation. 
The r eason  fo r  t h i s  cha rac t e r i s t i c  behav io r  o f  t he  expe r imen ta l  e j ec to r  may 
now be  readi ly  expla ined .  The noise  generated by the ejector  resul ts  f rom a 
combination of the primary and the secondary flow noise. The mass flow rate of 
the  pr imary  nozz le ,  be ing  propor t iona l  to  i ts  t h r o a t  area and primary pressure, 
c o n t r i b u t e s  t o  n o i s e  power t o  a la rger  ex ten t  wi th  the  lower  Mach nozz les  and  to  
a smaller ex ten t  w i th  the  h ighe r  Mach nozz le s  fo r  r easons ,  t ha t  w i th  cons t an t  
e x i t  area, the lower Mach nozzles  having the largest  throat  produced the highest  
primary flow rate .  Conversely,  the higher Mach nozzles having smaller t h r o a t s  
produce less primary  flow. The proport ion of secondary to  pr imary f low,  that  
i s  mass augmentation, appears to have a ma jo r  e f f ec t  on noise  genera t ion .  S ince  
the mixing of a large proport ion of  low speed secondary with a small proport ion 
of high speed primary airflow is  known t o  promote noise  abatement ,  the high 
Mach nozzles produce the more f avorab le  no i se  a t t enua t ion  e f f ec t s .  
Furthermore,  the noise level  of the lower Mach nozz les  appears  to  be  pro-  
por t iona l  to  pr imary  pressure ,  hence  noise  is la rge ly  due  to  pr imary  f low rate 
without being markedly affected by the surrounding slow moving secondary airf low 
(which w a s  found sub-sonic i n  a l l  experiments).  While no i se  w a s  found t o  b e  a f -  
fec ted  by  pressure  to  some e x t e n t  i n  t h e  h i g h e r  Mach nozz le s ,  t he  va r i a t ion  w a s  
r e l a t i v e l y  much smaller due to the lower primary and higher secondary mass flow 
rates. 
I n  a d d i t i o n  t o  m a j o r  e f f e c t s  on noise generation, there appear minor ef-  
f e c t s  as w e l l .  These f a l l  i n t o  two c a t e g o r i e s :  f i r s t ,  a gradual  rise 
followed by a gradual  decrease  in  noise  leve l ,  second,  a gradual  decrease a l l  
t he  way along with increasing resis tance.  For  example,  for  the M = 1 nozzle  
a long the 80 p . s . i .  l i n e  one  obse rves  no i se  to  f i r s t  i nc rease  abou t  2 1/2  dB 
then to  decrease by about  the same amount, whi le  a long  the  60 p . s . i .  l i n e  one 
observes a 5 1 /2  dB continuous decrease.  Similar observations were made on 
other  nozzles ,  and the rise and f a l l  w a s  even  no t i ceab le  to  obse rve r s  i n  the  
laboratory.  A t  t he  time of w r i t i n g  t h i s  r e p o r t  t h e s e  phenomena are still  being 
s tudied  . 
The operat ion of i n c o r r e c t l y  expanded nozzles needs further consideration. 
While t h e  e f f e c t s  o f  f r i c t i o n  on the  ope ra t ion  of c o r r e c t l y  expanded nozzles  
are considered small, the presence of f r i c t i o n  and boundary l a y e r s  may consider- 
ab ly  a f f ec t  t he  ope ra t ion  of i n c o r r e c t l y  expanded nozzles. 
I n  underexpanded nozzles the flow is known to  be  con t ro l l ed  by  geometry. 
However, downstream from exi t  of an underexpanded nozzle the a i r  c o n t i n u e s  t o  
expand un t i l  equ i l ib r ium,  by  way of  pressure  equal iza t ion  wi th  the  sur rounding  
co-flowing  secondary a i r ,  is a t t a i n e d .  The primary j e t  spreads out immediately 
a f t e r  l eav ing  the  nozz le  and  s o  the passage remaining for  the secondary a i r  con- 
tracts (see f i g s .  1 6  , 17) .  This  has  a marked ef fec't on the secondary flow which 
accelerates and a t t a i n s  a maximum speed a t  some s e c t i o n  downstream where the pas- 
sage area a t t a i n s  minimum value.  The f i r s t  l'hollowl'  on p r e s s u r e  d i s t r i b u t i o n  
curves appears a t  t h i s  s e c t i o n .  I n  g o i n g  f u r t h e r  downstream, the primary stream 
seems to  con t r ac t ,  t he reby  a l lowing  an increase  in  the  secondary  f low passage  
area. The r e s u l t i n g  d e c e l e r a t i o n  i s  accompanied  by a pressure  rise and thus the 
f i r s t  "hump" i n  t h e  p r e s s u r e  d i s t r i b u t i o n  a p p e a r s .  Both the  p re s su re  d i s t r ibu -  
t ion  curve  and the  shadowgraph p i c t u r e  show t h a t  t h e  f i r s t  h o l l o w  is  about 0.8 
inches and t h e  f i r s t  hump is about 1.6 inches from the nozzle ex i t  of t he  M = 1 
nozzle.  Further  downstream, as turbulen t  mix ing  begins  to  take  e f fec t ,  the  
shock pat tern of the primary j e t  becomes less d e f i n i t e  and the  shadowgraph only 
shows high levels of tu rbulence  whi le  the  pressure  d is t r ibu t ion  curves  ind ica te  
non uniform flow along the photographed length of the mixing tube. 
I n  overexpanded nozzles, the flow downstream i s  known t o  b e  c o n t r o l l e d  by 
back pressure and i ts  v a r i a t i o n  r e s u l t s  i n  d i f f e r e n t  p a t t e r n s .  S t a r t i n g  f r o m  
the case when the  nozz le  ex i t  p re s su re  i s  s l i g h t l y  under the value of the cor-  
rec t  back pressure,  the adjustment  of the f low near  the wall  takes  p lace  
through an oblique shock. The stream con t rac t s  downstream  from ex i t ,  a l l owing  
the  secondary a i r  to  dec rease  i ts  speed,  thereby recovering pressure.  Thus i n  
overexpanded nozzles, f i r s t  a "hump" appears  on  the  pressure  d is t r ibu t ion  curve  
which i s  then followd by a "hollow" f u r t h e r  downstream ind ica t ing  j e t  spreading 
and turbulent mixing (see f o r  example M = 2.5,  P1 = 60 p . s . i . ) .  For  low re- 
s i s t a n c e  (L) t h e  f i r s t  s h o c k  p a t t e r n  of the  mul t ip le  shock  cha in  appears  ou ts ide  
t h e  n o z z l e  e x i t ,  b u t  f o r  h i g h  r e s i s t a n c e  (H) a pa r t  o f  t he  pa t t e rn  i s  ins ide  the  
nozzle as i f  i t  was be ing  'Ipushedl' upstream with the increasing back pressure.  
The f low general ly  separates  f rom the w a l l  upstream from the nozzle  exi t  and t h e  
d a r k e r  l i n e s  v i s i b l e  on each s ide of  the wave p a t t e r n  show the  separa ted  bound- 
a ry  l aye r .  
There appear a number o f  d i f f e r e n t  p a t t e r n s  which may be observed on the  
shadowgraph and t h e i r  d e t a i l e d  d e s c r i p t i o n  may be found i n  r e f e r e n c e  1 4  ( s e e  
a l s o  f i g .  2 1 ) .  
The f a s t e r  moving primary a i r  issuing fron:  higher  Mach nozzles enhances the 
perfomance of e jec tors  because  of the  increased  rate of momentum exchange tak- 
ing place along the mixing tube.  Calculations based on measurements of nozzle  
e x i t  ( P ' ~ ~ )  show t h a t  i f  o b l i q u e  shockwaves appear the stream may remain super- 
sonic  over  a d i s t ance  downstream from t h e  e x i t  of an overexpanded nozzle. 
Employing the photographed wave p a t t e r n  as g u i d e  t o  estimate shock strength,  one 
f i n d s  M = 2.2 a t  ex i t  of t he  M = 3 nozzle with primary operating pressure 100 
p.s . i .g .  This  amounts t o  b e i n g  a b l e  t o  s a t i s f a c t o r i l y  o p e r a t e  t h e  n o z z l e  a t  
cons iderably  lower  pressure  ra t io  than  cor rec t  expans ion  would otherwise require .  
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CONCLUSIONS 
S i n c e  t h i s  r e p o r t  is of prel iminary nature ,  comments are l imi ted  to  mere ly  
summarizing r e s u l t s  of observat ions made on the  test e jec tor .  There  are several 
a spec t s  which need fu r the r  cons ide ra t ion  if a f a i r  c r i t i ca l  a p p r a i s a l  of per- 
formance and noise  genera t ion  of supersonic  e jec tors  i s  des i red .  
Comparing performance on t h e  b a s i s  of spec i f i ed  ( cons t an t )  ex i t  area f o r  
a l l  nozzles  employed i n  t h e  e j e c t o r ,  one f inds :  
1. The M = 1 nozzle  produced the largest  mass flow rate and the  smallest 
mass augmentation; conversely the M = 3 nozzle produced the smallest 
mass flow rate and t h e  l a r g e s t  mass augmentation. 
2.  Noise generated by the ejector was found h i g h e s t  f o r  t h e  M = 1 nozzle  
and lowest  for  the M = 3 nozzle.  
3. The fac t  t ha t  no i se  inc reased  wi th  dec reas ing  mass augmentation shown 
a long  the  cons tan t  pressure  l ines ,  p roves  tha t  the  noise  genera ted  by  
t h e  e j e c t o r  r e s u l t e d  from a combination of the primary and the second- 
ary f low noise .  
APPENDIX 
CALCULATION OF RESULTS FROM OBSERVED DATA 
Primary mass flow rate.- Since a l l  nozzles  were operated under choked con- 
, dit ion  throughout   the tests, the  formula 
( lb / sec )  
was employed, where values of Ath for various nozzles.  appear in fig.  2. The 
s t agna t ion  p res su re  P1 w a s  observed 18 inches upstream from nozzle exit  with a 
s t a t i c  pressure  gauge. C o r r e c t i o n  f o r  f r i c t i o n a l  l o s s e s  and a convers ion  to  
s t agna t ion  p res su re  was subsequently applied.  The increase due t o  k ine t i c  p re -  
su re  was found to be approximately compensated by a dec rease  in  p re s su re  due  to  
f r i c t iona l  l o s ses ,  hence  the  obse rved  P1 on t h e  gauge w a s  adopted as t h e  t r u e  
s tagnat ion  pressure .  
Secondary mass flow rate.- The mass flow rate of the secondary a i r  through 
the Ventur i  tube w a s  calculated from 
~ 
where the volumetric flow rate 
Because of the rounded intake of the  tube ,  the  term (dmin/din)2 w a s  ignored. 
The p res su re  d i f f e ren t i a l  be tween  a i r  i n l e t  and minimum c r o s s  s e c t i o n  w a s  mea- 
sured  by  the  inc l ined  manometer conta in ing  a lcohol  of s p e c i f i c  g r a v i t y  - SG = 
0.8 and t h e  air  d e n s i t y  w a s  calculated from the equat ion of s ta te  
Sound power level.- From measurements of sound pressure level i n  t h e  rever- 
be ra t ion  chamber, t h e  sound power l e v e l  w a s  obtained from R e f .  15. (e.g. 43, 
p.  919) 
LPW = SPL + 10 log V + 10 log D - 10 log (Pc2) - 2 .la + 4.1 
From measurements made i n  t h e  r e v e r b e r a t i o n  chamber the  sound a t t enua t ion  
w a s  e s t ab l i shed .  The fo l lowing  da ta  were employed f o r  t h e  c a l c u l a t i o n :  
Volume of  reverbera t ion  chamber, V = 6 f t .  3 
Density of a i r ,  P = 1.2 Kg/&. 
Speed of sound, c = 343 m / s .  
Room cons tan t  'a = 0.16. 
Sound a t t e n u a t i o n ,  D = 300 dB per  sec. 
With these  va lues  
LPW = SPL - 15.45. 
Spec i f ic  power.- The mechanical power Pm of t h e  e j e c t o r  may be obtained 
from the s imple considerat ion that  pressure inside the reverberat ion chamber 
e x e r t s  a "drag" f r o c e  on t h e  r e s i s t a n c e  a g a i n s t  f l o w .  S i n c e  t h e  f o r c e  r e s u l t s  
f rom the pressure act ing on t h e  r e s i s t a n c e  area, t h e  "drag-power'' of t h e  a i r  
resis tance,  assuming incompressible  f low 
where F1 and F2 are the  fo rces  ac t ing  on the upstream and downstream face A 
r e spec t ive ly  of the resistance package and V is t h e  a i r  v e l o c i t y .  I n  terms of 
a i r  r e s i s t a n c e ,  t h a t  i s ,  pressure difference between the chamber  and t h e  
atmosphere 
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Since mass flow through the ejector 
G = Pre,,AV 
and from the gas  equat ion 
S u b s t i t u t i o n  r e s u l t s  i n  
During the experiments an average value of T = 540°R w a s  observed, and w'ith R = 
53.3 ft/'R, with conversion factor 1kW = 1.355 H p  at with  pat = 14.7 p.s. i .a. ,  
hence specif ic  power 
= 39068 APrev , WATTS/lb/sec. 
G 14.7 + APrev 
Spec i f ic  power based on primary mass flow G' may be obtained from the 
i d e n t i t y  
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' M  
Number I 
Nozzle 
i 
i 
1 1  
~ 
~ 
1.5 
, 
2 
2.5 
3.0  
Res is t- 
ance 
Low 
High 
Low 
High 
Low 
High 
Low 
High 
Low ' 
High 
TABLE I 
NOISE GENERATION OF EJECTOR AS  FUNCTION OF RESISTANCE 
20 
s 1 ight  
increase 
Primary Stagnation Pressure, p.s.i.  
1 
Matching 
60 80 100 Condition 
s l i g h t  
increase 
constant 
s l i g h t  
increase 
constant 
strong 
increase 
constant 
s t rong 
increase 
s l i g h t  
increase 
strong 
increase 
constant I s l i g h t  constant I (marked X) 
I - increase 
I no data  
strong ' 
decrease a l l  way , increase 1 
s l i g h t  decrease j 
, 1 
constant 
1 
I constant constant 
~ constant constant 
increase I decrease increase increase 
I st rong s l i g h t  decrease , decrease & strong 
~ constant constant constant  constant 
I 
st rong 
constant  constant  constant constant 
a l l  way min. 5-6K* (approx.) increase 
decrease  increase constant 
strong 
increase 
s t rong  s t rong strong 
increase  increase  increase increase 
s t rong s t rong  s t rong  s t rong 
increase 
constant I constant I constant I s 1 ight  
increase  increase  increase 
I 
* Min. occurs a t  P,/G = 5500 
TABLE I1 (continued) 
CLASSIFICATION OF FLOW PATTERNS 
High Resistance 
Nozzle 
Number 
M 
1 
(0.528) * 
1.5 
(0.272) 
2 
(0.128) 
2.5 
(0.058) 
3 
(0.027) 
Nozzle 
Exit 
Pressure 
~ PNE'/P~ 
I 
P 
c 
I 2o 
1 16.3 
14.7 
0.468 
u 
I 
11.3 
14.6 
0.316 
0 
IV 
14.1 
14.8 
0 
V 
0.422 
14.0 
14.7 
0 
VI 
0.404 
14.6 
14.8 
0.419 
0 
VI 
:imary Gal 
40 
~ 25.8 
1 14.4 
i 0.467 
l.J 
I1 
16.5 
14 .O 
0.301 
U 
I 
11.4 
14.3 
0 
V 
0.214 
Pressure, PI, p.s.i. 
60 80 
34.9  43.6 
13.4  13.8 
0.466 
111 
U U 
0.458 
I11 
22.1 27.6 
13.8  13.5 
0.296  0.291 
u U 
I1  I11 
10.6 
0.143 0.142 
14.1 14.4 
14.1 
0 C 
IV  IV 
13.1 
14.6 
0.239 
0 
VI 
13.1 
14.3  14.6 
13.2 
V V 
0 0 
0.176 0.139 
14.5 
14 .O 
0.264 
0 
VI 
14.3 
14.8 
0.191 
0 
VI 
13.1 
14.7 
0.138 
0 
VI 
*Numerical figures under Mach number show correct pressure ratio. 
~ ~ 
100 
No 
Data 
U 
I11 
33 .O 
13.4 
0.286 
U 
I11 
16.2 
12.9 
0.141 
U 
IV 
12.8 
14.3 
0.111 
0 
IV 
13.8 
14.6 
0.120 
0 
V 
TABLE I1 (concluded) 
CLASSIFICATION OF FLOW  PATTERNS 
Nozzle 
Number 
M 
1 
(0.528) 
1.5 
(0.272) 
i- 
2 
(0.128) 
~- 
2.5 
(0.058) 
"7 
Low Resistance 
~- ~ . ~_________ 
Primary  Gauge  Pressure, : P1 
. ~~ 
20 
16.6 
13.4 
0.482 
U 
I 
10.9 
8.8 
0.313 
U 
I 
11.4 
13.8 
0.339 
0 
IV 
13 .O 
14.1 
0.375 
0 
VI 
14 .O 
14.5 
0.402 
0 
VI 
. . .  ~. 
40 
~ . -  - . -. . -
25.4 
13.2 
0.462 
U 
I1 
18.8 
13.6 
U 
I 
0.344 
7.8 
13.5 
0.145 
0 
IV 
11.7 
13.7 
0.215 
0 
VI 
~ _ _ _ _  
13.3 
13.3 
0.243 
0 
VI 
~ ~~ 
60 
.. ~~ ~ ~ 
34.9 
13.2 
0.466 
U 
111 
22.3 
13.1 
0.299 
U 
I1 
"~ ~ 
10.5 
13.3 
0.141 
0 
IV 
~~~ 
11.3 
13.3 
0.151 
0 
V 
- 
12.9 
13.8 
0.172 
0 
VI 
, p.s.i. 
80 
44.1 
13.3 
0.464 
U 
111 
27.5 
13.3 
0.290 
U 
I11 
13.1 
13.1 
0.143 
C 
IV 
11 .o 
13 .O 
0.116 
0 
V 
12.1 
13.5 
0 
V 
0.129 
100 
No 
Data 
- 
U 
I11 
33.2 
13.4 
0.287 
U 
I11 
16.3 
12.8 
0.142 
U 
IV 
10.7 
12.9 
0.093 
0 
IV 
11.1 
13 .O 
0.097 
0 
V 
21 
""? 
TOP VIEW Variable  r sistance 9 
1 Reflector  shield 
Pressure tap ( Prev 1 L 4 7  - 
SIDE VIEW 
1-27-1 
I-+ 
Pressure  relief  valve 
I 
r-----""---"l I 
I 
I 
Reverberation' chamber 
1 .lr--k-l 
, I I.: s , \ l ; l  1 1 I : I :  :-; '., I 
; 1 : L - y  
- .. 
\Microphone  location 
Bellows 
Diffuser 
Mixing tube 
Primary  and  secondary  Venturi meter 
I 
Plenum  chamber / 
Air exhaust 
A i r  passage 
Secondary ffow intake 
Primary  pressure gauge' "'?+- 
( a 1 Schematic diagram , top and side elevation . AI  I dimensions are in inches ( not to Scale 1. 
FIGURE 1. EXPERIMENTAL APPAiZATUS ( continued 1 
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Figure 8. Pumping  performance of ejector 
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Figure 9. Mass  augmentation of ejector 
1 o2 
\ 
40 
\ I 
-" I 
1 o3 
Specific power , Pm / G , watts/lb/sec 
(b) Nozzle Mach number M 1 . 5  
Figure 9. - Continued 
R1 
60\0 \ r\. 
. \ 
1 o2 1 o3 
Specific power , Pm / G , watts/lb/sec 
(c) Nozzle Mach number M = 2 
Figure 9. - Continued 
E . 
d 
0 
.d 
id 
20 
1 o2 10’ 
Specific power Pm / G watts/lb/sec 
(d)  Nozzle  Mach  number M = 2.5 
Figure 9. - Continued 
20 
1 o2 1 o3 
Specific  power , Pm / G watts/lb/sec 
(e) Nozzle  Mach  number M= 3 
Figure 9. - Concluded 
2 0' 
10' 1 o3 
Specific power , Pm / G , watts/lb/sec 
(a)  Nozzle Mach number M = 1 
i 
i 
Figure 10. Noise generation of ejector 
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Figure 11.- Pressure  distribution along mixing  tube and diffuser. 
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Figure 12.-Concluded.  
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F igu re  14.- P r e s s u r e  d i s t r i b u t i o n  a l o n g  m i x i n g  tube a n d  d i f f u s e r .  
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F igu re  15.- P r e s s u r e  d i s t r i b u t i o n  a l o n g  m i x i n g  tube a n d  d i f f u s e r .  
64 
38 
36 
3 4  
32 
30 
28 
26  
2 4  
22 
20  
l a  
16 
14 
Nozzle Mach  number  M = 3 
Mixing tube Diffuser 
Distance along flow , x/dt 
7 
. 
'0 
I I I I I 
0 2 4 6 8 10 12 14 16 18 
I I I I I 
(b) Primary  pressure P1 = 40 psi 
Figure 15.- Continued. 
38 
36 
34 
32 
30  
2 8  
2 6  
2 4  
22  
2 0  
18 
16 
14 
Nozzle Mach  number M = 3 
Mixing  tube Diffuser 
I I I I I I I I 1 I 
0 2 4 6 8 1 0  12  14 16  18 20  
Distance along flow , x/d t  
(c) P r i m a r y  p r e s s u r e  P1 = 6 0  p s i  
F igu re  1 5 . -  Continued 
66 
38 
36 
3 4  
32 
30 
28 
26 
2 4  
22 
20  
18 
16 
14 
Nozzle  Mach number M = 3 
Mixing tube Diffuser 
\ I 
0 2 4 6 8 10 12 14 16 18 
I I I I I I I I 
Distance along  flow , x/dt 
0 
(d) Primary pressure Pl = 80 p s i  
Figure 15.- Continued. 
38 
36 
34 
3 2  
30 
28 
26 
2 4  
22 
20  
18  
16 
14  
- .- 
Nozzle Mach number M = 3 
.. 
Mixing  tube  Diffuser 
0 2 4 6 8 10 12  4 16  18 2 0  
Distance  along  f low , x / d t  
( e )  Primary pressure = 1 0 0  psi 
Figure 15. - Concluded. 
68 
x 
W 
V 
m I= 
v) 
c .- 
n 
5.0" 
4.0- 
3.0- 
2.0 - 
1.0 - 
0- 
20 40 60 100 
P r i m a r y  gauge  pressure,   (pounds  per  square  inch 1 
( a  1 Low resistance ( L 1 
Fig. 16 Shadowgraph  pattern of M = 1.0 nozzle 
5.0- 
4.0 - 
x 
n - 3.0 - 
3 
c 
m 
C 
x 
.- .- 
E 
m != 
0 
m -
2.0 - u 
C 
m c 
w2 .- 
n 
1.0 - 
0 -  
20 40 60 80 100 
Pr imary  gauge pressure,  (pounds  per  square  inch 1 
( b 1 High resistance ( H 1 
Fig. 16 -- Concluded 
I 
5.0- 
4.0-* 
3.0 - 
2.0 - 
1.0- 
0 -  
20 40 60 80 100 
Primary gauge pressure,  (pounds  per  square  inch 1 
( a 1 Low resistance ( L 1 
Fig. 17 Shadowgraph  pattern of M = 1.5 nozzle 
20 40 60 80 100 
Pr imary  gauge  pressure,  (pounds  per  square  inch 1 
( b  1 High resistance ( H 1 
Fig. 17 -- Concluded 
4.0- 
3.0- 
\ 
iz 
x 
Q) a 
=I 
c 
CT, c .- 
.x 2.0- 
E 
07 
I= 
0 
m 
W 
V 
l= 
m c m 
-
.- 
n 
1.0- 
20 40 60 80 
Pr imary  gauge pressure,  (pounds  per  square  inch 1 
100 
( a,) Low resistance ( L 1 
Fig. 18 Shadowgraph  pattern of M = 2.0 nozzle 
73 
I .  
5.0- 
4.0- 
3.0- 
2.0 - 
1.0 - 
0 -  
20 40 60 100 
Pr imary  gauge  pressure,  (pounds  per  square  inch 1 
( b 1 High  resistance 
Fig. 18 -- Concluded 
74 
I 
5.0- 
20 60 80 100 
Primary gauge  pressure, (pounds per  square inch 1 
( a 1 Low resistance ( L 1 
Fig. 19 Shadowgraph  pattern of M - 2.5 nozzle 
75 
20 40 60 80 
Primary gauge  pressure, ( pounds per square inch 1 
( b  1 High resistance ( H 1 
Fig. 19 -- Concluded 
100 
5.0- 
4.0 - 
3 3.0 - 
n 
a 
=l 
c 
cn .- c 
x .- 
E 
cn 2.0 - c 
0 
m 
al 
V c 
c (CI 
VI 
-
.- 
n 
1.0 - 
20 40 60 100 
Pr imary  gauge  pressure,  (pounds  per  square  inch 1 
( a 1 Low resistance ( L 1 
Fig. 20 Shadohgraph pattern of M = 3.0 nozzle 
77 
5.0 - 
4.0 - 
3.0 - s 
2 
al n 
3 
CT, c 
x 
c 
.- .- 
E 2.0- 
rn 
0 
c 
m 
W u 
m c c 
v) 
-
.- 
n 
1.0 - 
0- 
-. 
20 40 60  80 100 
Pr imary  gauge pressure,  (pounds  per  square  inch ) 
( b  1 High resistance ( H 1 
Fig. 20 -- Concluded 
Moderate - 
I1 
Under-Exp 
111 x.. Strong Under-Expansion[ 
/ 
" ' I ,  I ,  , _ , ,  
I V  
Weak Overexpansion 
\ 
.. - "_ 
\Separated Boundary Layer. V 
Moderate Overexp. I \/ . " "_ . .- ... " 
\ 
. -_I_ 
V I  
Very Strong Overexp. 
E x i t  Me 1 
Figure 21.- Flow P a t t e r n s  i n  Mixing Tube f o r  
I n c o r r e c t l y  Expanded Primary Nozzles. 
79 
. 
80 
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